Abstract The biodegradation route of the octylphenol ethoxylates (OPEOs) by denitrification in an upflow anoxic sludge blanket (UASB) reactor was studied. An anaerobic sludge adapted to denitrifying conditions with acetate was adapted with increasing amounts of OPEOs and diminishing amounts of acetate until only 300 mg.L -1 of OPEOs were fed. Only 70% of stoichiometric NO 3 -was fed so partial removal was expected.
Introduction
Alkylphenol polyethoxylates (APEOs) are nonionic surfactants used for more than 40 years in detergent formulations of the cleaning and textile industries where they are used for fiber washing at a ratio of 10 gAFP.ton -1 (Jones and Westmoreland, 1998) . More recently they have been used in soil remediation as emulsifying agents having been found in lixiviates at concentrations between 3,000 and 12,000 mg.L -1 (Edwards et al., 1991) . Due to all these activities APEOs have been accumulating in the environment since the last two decades as shown by the 2 µg.L -1 average concentration found in 30 USA rivers and 461 mg AP.kg -1 (SDA, 1999) . These compounds are not mineralized but only transformed to alkylphenols; mono (OPEO 1 ) and diethoxylated (OPEO 2 ) and their carboxylate derivatives (Ejlertsson et al., 1999; Tanghe et al., 1998; Dominic et al., 1998; Shang et al., 1999) which are toxic to fish showing 50% of deaths (LD 50 ) at concentrations between 4,000 and 12,000 µg.L -1 (Servos et al., 1999) . The alkylphenols (AP) show estrogenic activity as they inhibit testicle development in rainbow trout (Oncorhynchus mykiss) and salmon (Salmo salar) due probably to their similar chemical structures with β-oestradiol steroid hormone (Thielle et al., 1997; Janssens et al., 1997) .
On anaerobic biodegradation studies, APEOs were found to inhibit 50% of the methanogenic activity (LD 50 ) at 250 mg.L -1 (Jiménez-González et al., 2001) and AP have been found to be a final anaerobic biodegradation product (Ejlertsson et al., 1999) .
Due to the growing interest in using octylphenol polyethoxylates (OPEOs) in soil remediation this work studies its degradation by denitrification and tries to find a degradation route. A 2.2 L UASB (upflow anaerobic sludge blanket) reactor was seeded with 600 mL of a 20 gVSS.L -1 sludge from a UASB reactor treating the university campus wastewater. It was adapted to denitrifying conditions with acetate as electron donor. Then, it was fed at 1 day hydraulic residence time at 35°C with a media at pH 7 composed of nitrate, acetate, Triton X-100 (a t-octylphenol ethoxylate with 5 to 12 oligomers in the ethoxylic portion at 98% by Sigma Aldrich) at different ratios (Table 1) (Cuervo-López et al., 1999) .
To balance the solution with NO 3 -a complete mineralization of octylphenol polyethoxylate is assumed (Eq. (1)).
Analyses. NO 2 -and NO 3 -were quantified by denitrification by capillary electrophoresis (Millipore CIA 4000 in a melt silica column with 75 µm ID and 60 cm long at 30 mA and 20 kV (Wang et al., 1995) .
OPEOs and OP were found by HPLC (TSP 20709 model at a wavelength of 280 nm and ODS-2 Prodigy column). The mobile phase was acetonitrile-water-acetic acid (80:15:5).
OPEO degradation products were identified by GC-MS (Hewlett-Packard 5972, USA) with a non polar column (HP5-MS, 30,000 × 0.53 mm). Temperatures: injector at 300°C, detector at 310°C and the column was programmed to raise from 50 to 300°C (at 10°/min) staying 10 min at the final temperature. The ionizing energy was 70 eV. Samples were prepared by filtration through a 0.45 µm nylon membrane, then three extractions with 10 mL of dichloromethane. The solvent from the organic phase was evaporated off with N 2 . Samples were suspended on 5 mL dichloromethane. Chemical oxygen demand (COD) was found by the closed reflux method (APHA, 1995).
Results and discussion
The adaptation process to denitrify OPEOs was done in 200 days (Figure 1 ) according to the feed program already described in Table 1 . It can be seen that every time OPEO concentration was increased it caused an increase in effluent COD until it recovered again to 200 mg . L -1 . Stage by stage, acetate was withdrawn from the feed until pure OPEO was left in stage IX. During all this stage there was a complete conversion of OPEOs, with formation of octylphenol (OP), as reported by Ejlertsson et al. (1999) , which was continuously disappearing until a final concentration of 10 mg.L -1 was reached (Figure 2) .
The COD balance history (Figure 3) shows that mineralization is not complete as there are intermediates forming as OP is disappearing. The equilibrium effluent COD at day 440 is composed of 10% OP and 90% of the other intermediates. OP could disappear to give way to the intermediates or could be accumulated in the sludge.
To check the balance of the fate of the OP moiety the sludge were analyzed only to show that there is no accumulation by adsorption (Figure 3 ). There was no OPEOs found on the sludge.
A. Jiménez-González et al. Figure 5 shows the MS chromatogram of an effluent sample. There are peaks of the OPEOs derivatives, the OP, the OPEO 1 , the OPEO 2 , the PPEO 3 and the HPEO 2 which do not appear at the influent. Thus, the main OPEO degradation products are moieties with shorter carbon chains on both sides. The OP, the OPEO 1 , the OPEO 2 and other two with the same hydrocarbon structure but different polyethoxylate chain, the propylphenol triethoxylated (PPEO 3 ) and the hepthylphenol diethoxylated (HPEO 2 ). Based on the identified products, three simultaneous degradation routes can be proposed to be further explored. To obtain OP, OPEO 1 , and OPEO 2 , the substrate OPEOs must break the ethoxylic side of the molecule. They have been reported as aerobic and anaerobic biodegradation products of OPEOs but are more recalcitrant and toxic (Thielle et al., 1997; Ejlertsson et al., 1999; Tanghe et al., 1999; Shang et al., 1999) . Where n = the average number of ethylene oxide for mole ofoctylphenol Figure 6 Possible degradation routes for octylphenol polyethoxylates (OPEOs) denitrification
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For both the PPEO 3 and the HPEO 2 , the cleavage would be from both the ethoxylated and the alkyl sides of the molecule (Figure 6 ). Di Corcia et al. (1998) found that the alkyl side can be further oxidized to obtain carboxylated compounds like the alkylphenoxy acetic acid. Nevertheless biodegradation assays (Shang et al., 1999) showed these products are recalcitrant.
With the data presented it can be concluded that OPEOs can be degraded further than the mentioned compounds OP, OPEO 1 and OPEO 2 .
The attack from different sides of the molecule is possible if it is considered that a denitrifying mixed culture could give different positive interactions among microorganisms during the long adaptation period.
Conclusions
After some time of adaptation of a denitrifying culture to octylphenol polyethoxylated (OPEOs) it was found that it can be used as the sole carbon and electron source to perform denitrification. The biotransformation products are octylphenol (OP), octylphenol monoethoxylated (OPEO 1 ), octylphenol diethoxylated (OPEO 2 ), propylphenol triethoxylated (PPEO 3 ) and heptylphenol diethoxylated (HPEO 2 ). The latter compounds suggest that there can exist an attack in the alkyl portion, which is the most recalcitrant.
